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Cross-linked Ni(OH)2/CuCo2S4/Ni networks as binder-free electrodes for high performance supercapattery
Ning Tang1a, Huihui You1a, Ming Lib, George Zheng Chenc,d, Lei Zhang*a,e

The heterogeneous Ni(OH)2/CuCo2S4/Ni electrode is constructed by appropriately adjusting the time-dependent hydrothermal and electrodeposition process. A hybrid device exhibits 39.7 Wh kg-1 in specific energy and 365.3 W kg-1 in specific power, with good cyclic stability of 88 % capacity retention after 5000 cycles at 6 A g-1.
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considered as promising battery-type electrodes for supercapattery because of their rich redox sites, excellent electrochemical activity and high electrical conductivity.11-16 However, most thin film electrodes are processed with a conductive agent and/or a polymer binder during the preparation, resulting in sluggish ion/electron transport and decreased electrical conductivity. Moreover, the large volumetric expansion and contraction of metal sulfides during charge/discharge hinder the rate performance and cycling stability of supercapattery. The direct building of active materials on conductive substrate to fabricate binder-free electrodes can greatly increase the ion/electron conductivity and improve the mechanical property.17,18 For example, NiCo2S4 nanoarrays or nanosheets have been grown on nickel or nitrogen-doped carbons foams to make integrative electrodes and the systematic construction can provide sufficient contact between the active material and electrolyte to shorten ion/electron transport distance.19,20 In addition, Ni(OH)2 has been regarded as a cost-effective and environmentally friendly electrode for supercapattery, offering various morphologies, high theoretical specific capacity and good stability in alkaline electrolytes.21,22 However, the poor electrical conductivity of Ni(OH)2 often result in unsatisfactory rate capability or reversibility. CuCo2S4 is a paramagnetic thiospinel with intrinsic metallic property, favouring it better electrical conductivity and more electroactive sites compared to single-component Cu/Co sulfides or their oxide counterparts. As electrode material, CuCo2S4 has demonstrated great potential for the application in high performance energy storage device. For example, we have previously synthesized CuCo2S4 hollow spheres with hierarchical surface structure and achieved enhanced electrochemical performance.23 The design and construction of nanostructured CuCo2S4 and Ni(OH)2 hybrid electrodes are seen as practicable strategy to boost the synergistic effect and achieve desired performance. Numerous efforts have been recently devoted to integrate Ni(OH)2 with conducting skeleton to build different morphologies and structures, aiming for enlarged active surface area and promoted surface redox reaction.24,25 Although various nanoscale engineering approaches have been developed for hybrid electrodes, the controllable synthesis and structural fine-tuning remain tremendous challenges to achieve enhanced electrochemical performance and stability.
Herein, self-assembled CuCo2S4 nanoneedles arrays are built on Ni foam as conductive scaffolds for supporting Ni(OH)2 nanosheets and a cross-linked Ni(OH)2/CuCo2S4/Ni networks are constructed by a combined hydrothermal and electrodeposition method. The micromorphologies of self-assembled CuCo2S4 and Ni(OH)2/CuCo2S4/Ni networks are fine tuned by adjusting the hydrothermal and electrodeposition durations. Ni(OH)2/CuCo2S4/Ni electrode can exhibit a high specific capacity of 737.8 and 560.8 μAh cm-2 at 1 and 20 mA cm-2. Furthermore, a hybrid device based on Ni(OH)2/CuCo2S4/Ni as the positive electrode and activated carbon (AC) as the negative electrode can deliver a high specific energy of 39.7 Wh kg-1 at the specific power of 365.3 W kg-1 with an good cycling performance by retaining 88 % of initial capacity after 5000 cycles at 6 A g-1.
Experimental section
Synthesis of CuCo2S4/Ni and Ni(OH)2/CuCo2S4/Ni
Self-assembled CuCo2S4 was grown on Ni foam (CuCo2S4/Ni) by a two-step hydrothermal process. Ni foam was firstly cut into a rectangular shape (2 cm×5 cm) and cleaned with 3 M HCl, acetone, deionized water and ethanol, then dried and weighted. Cu(NO3)2·3H2O (4 mmol), Co(NO3)2·6H2O (8 mmol) and urea (48 mmol) were dissolved into 70 mL deionized water. The mixed solution was transferred into a 100 mL Teflon-lined stainless autoclave together with Ni foam and kept at 120 °C for 4, 6 and 8 h to investigate the formation mechanism of morphology. The as-synthesized precursor was washed with deionized water and ethanol and taken to hydrothermal process again in 70 mL sodium sulfide solution (0.2 M) for sulfurization at 120 °C for 14 h to achieve CuCo2S4/Ni. The average mass loading of CuCo2S4 on Ni foams was ~1.40 mg cm-2.
Ni(OH)2/CuCo2S4/Ni was obtained by depositing Ni(OH)2 on CuCo2S4/Ni with cathodic electrodeposition method26 in 0.1 M Ni(NO3)2 solution at a constant potential of -1.0 V for 5, 10 and 15 min, which denoted as Ni(OH)2-5, Ni(OH)2-10 and Ni(OH)2-15. The mass loading of Ni(OH)2 was calculated at 0.20, 0.35 and 0.45 mg cm-2 for Ni(OH)2-5, Ni(OH)2-10 and Ni(OH)2-15, respectively. For comparation, Ni(OH)2 was directly deposited on Ni foam (Ni(OH)2/Ni) under similar conditions by 10 min electrodeposition (mass loading 0.38 mg cm-2). 
Fabrication of supercapattery 
The supercapattery was fabricated in a two electrode configuration using Ni(OH)2/CuCo2S4/Ni as the positive electrode and activated carbon (AC) as the negative electrode with a separator in between. The 6.0 M aqueous KOH was used as the electrolyte. The slurry of the negative electrode was prepared by mixing AC, acetylene black and polytetrafluoroethylene (PTFE) at a mass ratio of 8:1:1 mixed with ethanol. The mixed slurry was pasted onto Ni foam (1×1 cm2) and dried in vacuum. The loading mass of AC was adjusted based on the following equation:27
                                                                                   (1)
where m- and m+ were the weight of the active materials loadings of the negative and positive electrodes, C- and V- were the specific capacitance and potential window of the negative electrode, Q+ was the specific charge capacity of the positive electrode. The mass loading of the optimum positive electrode was ~1.75 mg cm-2. The optimal mass ratio between the positive and negative electrodes (m+/m-) was 6.63.
Material characterization
X-ray diffraction (XRD) patterns were recorded on a Bruker D-8 (Cu Kα radiation, λ=1.54056 Å). Raman spectra was conducted on a Renishaw Invia Plus laser Raman spectrometer (Renishaw, UK) with an excitation laser wavelength of 514 nm. The fourier-transform infrared spectroscopy (FT-IR) data was carried out with an ALPHA spectrometer using KBr sample pellets. The morphologies of samples were studied by scanning electron microscopy (SEM) (Hitachi S4800, Japan) with accelerating voltage of 5.0 kV. Transmission electron microscopy (TEM) characterization was performed on JEM 3100 (JEOL, Japan) operated at 200 kV. X-ray photoelectron spectroscopy (XPS) analysis was carried out on a Thermo Scientific ESCALAB 250 Xi spectrometer with a monochromatized Al Kα X-ray source (1486.6 eV). Cycling voltammetry (CV), galvanostatic charge-discharge (CD) and electrochemical impedance spectroscopy (EIS) were performed with CHI660D electrochemical workstation (Shanghai Chenhua, China). BET analysis was performed on a TriStar II 3020 surface area analyzer by Nitrogen adsorption–desorption measurement.
Electrochemical characterization
The electrochemical measurements were carried out in 6 M KOH solution with a Hg/HgO as the reference electrode, a Pt foil as the counter electrode and the as-prepared sample for the working electrode, respectively. CV curves were measured in a potential range of 0-0.55 V vs Hg/HgO and the constant current CD was tested at different current densities within potential range of 0-0.45 V. EIS measurements were carried out by applying an AC voltage with 5 mV amplitude in a frequency range of 0.1-100 kHz. For the supercapattery assembly, the CV curves were measured in a potential range of 0-1.55 V vs Hg/HgO and the constant current CD was tested at different current densities within potential range of 0-1.45 V.
Result and discussion
The effective control of solvothermal/hydrothermal reaction can have great impact on nanostructured modifications of materials.28,29 The formation mechanism of CuCo2S4 on Ni foam is studied by time-dependent hydrothermal process. As shown in equations (2) and (3), the hydrolysis of urea will produce the intermediate product CuCo2(CO3)3(OH)2, which will be converted to CuCo2S4 during the sulfurization. Different micromorphologies of nanosheets (Fig. 1a), nanoneedles (Fig. 1b) and nanoneedle-bundles (Fig. 1c) can be obtained for 4, 6 and 8 h reactions, respectively. Urea is reported as a precursor to provide suitable conditions for nanosheets growth and CuCo2(CO3)3(OH)2 nanosheets are formed on Ni foam during 4 h hydrothermal reaction.30 The formation of 1D nanoneedles can be attributed to the rolling of 2D nanosheets when the hydrothermal time is prolonged to 6 h. The minimization of surface free energy is the driven force for this rolling behaviour. Similar morphology transformation mechanism has been reported for the synthesis of nickel sulphides from nanosheets to nanoneedles.31,32 The nanoneedles tend to bond and become nanoneedle-bundles with further increasing the hydrothermal process to 8 h. CuCo2S4/Ni electrode with nanoneedles morphology exhibits the best electrochemical performance (Fig. S1) due to the well distributed needle-like microstructure and therefore it is adopted for Ni(OH)2/CuCo2S4/Ni construction.
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almost the same intensity for all the samples. As shown in the IR spectra (Fig. 1f), the peaks around 630 and 470 cm-1 are due to Ni–O stretching vibrations and in-plane Ni–O–H bending vibration, respectively.36,37 The peaks at 3425 cm-1 are assigned to O–H vibration in hydroxyl groups and the peaks at 1631 and 1386 cm-1 are attributed to the bending vibration of H2O molecules.37
The microstructures of Ni(OH)2/CuCo2S4/Ni at different electrodeposition durations are studied by SEM and thin Ni(OH)2 nanosheets are formed on CuCo2S4 nanoneedles after 5 min deposition (Fig. 2a). The amount of Ni(OH)2 are significantly increased with increasing the deposition duration to 10 and 15 min. The Ni(OH)2 nanosheets covered CuCo2S4 nanoneedles are uniformly interconnected resulting a cross-linked Ni(OH)2/CuCo2S4/Ni networks (Fig. 2b,c). However, the direct 10 min electrodeposition of Ni(OH)2 on Ni foam can only achieve aggregation morphology (Fig. S2). A TEM image shows needle-like structured CuCo2S4 with a diameter below 50 nm (Fig. 2d). After 10 min electrodeposition, CuCo2S4 nanoneedles are tightly wrapped with Ni(OH)2 nanosheets on the surface to demonstrate a typical heterostructure (Fig. 2e). HRTEM image (circle part in Fig. 2e) exhibits different crystal lattices which can be indexed to CuCo2S4 and Ni(OH)2 with clear interface (Fig. 2f). The interplanar spacing of 0.335 and 0.286 nm correspond to the (022) and (113) lattice planes of CuCo2S4,23 while 0.230 nm is attributed to the (020) lattice plane of Ni(OH)2.37




















































nominal stoichiometry of 1:2:4. The two peaks at binding energies 931.8 and 951.7 eV correspond to Cu 2p3/2 and Cu 2p1/2 (Fig. 3b). The spin-energy separation between Co 2p3/2 and Co 2p1/2 is approximately 15 eV confirming the existence of Co2+ and Co3+, with two main peaks at 781 and 796 eV of Co 2p spectrum (Fig. 3c).23,38-40 In Ni 2p XPS spectrum, two obvious shakeup satellites close to two spin–orbit doublets at 855.4 and 873.0 eV can be identified as Ni 2p3/2 and Ni 2p1/2 (Fig. 3d). Spin-energy separation of 17.6 eV is the typical feature of a Ni(OH)2 phase.41-43 The S 2p spectrum is divided into one shake-up satellite and two prominent peaks at binding energies of 161.5 and 162.7 eV (Fig. 3e), indicating the typical presence of S2-.40 The spectrum for O 1s (Fig. 3f) contains one prominent peak and two deconvoluted peaks. The fitted peak at 530.1 eV is symbolic of metal-oxygen bonds and the peak at 531.8 eV is characteristic associated with oxygen in OH- groups.43 Therefore, the as synthesized  heterostructured Ni(OH)2/CuCo2S4/Ni contain Cu+, Cu2+, Co2+, Co3+, Ni3+, Ni2+, and S2-.
The electrochemical properties of the as obtained CuCo2S4/Ni (Fig. S3), Ni(OH)2/Ni (Fig. S4) and Ni(OH)2/CuCo2S4/Ni with electrodeposition time 5 (Fig. S5), 10 (Fig. S6) and 15 min (Fig. S7) are investigated by the cyclic voltammetry and galvanostatic charge-discharge (GCD) measurements. A couple of redox peaks can be observed in all the curves, attributed to the reversible faradaic redox reactions based on the following equations:40
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At the same scan rate of 5 mV s-1 (Fig. 4a), the area surrounded by the cyclic voltammogram (CV) is dramatically enlarged for Ni(OH)2/CuCo2S4/Ni compared to CuCo2S4/Ni and Ni(OH)2/Ni, demonstrating the substantial improvement of energy storage capacity by hybrid construction. The largest area of Ni(OH)2/CuCo2S4/Ni with 10 min deposition indicates the highest capacity, which is in good agreement with its GCD measurement showing the longest discharging time than the other electrodes (Fig. 4b). The specific capacities of CuCo2S4/Ni, Ni(OH)2/Ni and Ni(OH)2/CuCo2S4/Ni are calculated based on the discharge curves and plotted as a function of current densities at 1-20 mA cm-2 (Fig. 4c). Cross-linked Ni(OH)2/CuCo2S4/Ni networks with 10 min deposition reveal the highest specific capacity of 749.13 μAh cm-2









Fig. 4 (a) CV curves at 5 m V s-1, (b) charge-discharge curves at 2 mA cm-2, (c) specific capacity as a function of current density, (d) electrochemical impedance spectroscopes.
In general, Ni(OH)2/CuCo2S4/Ni hybrid electrodes demonstrate enhanced electrochemical performance compared to CuCo2S4/Ni and Ni(OH)2/Ni due to the well engineered cross-linked microstructure. The Ni(OH)2 nanosheets tightly wrap the CuCo2S4 nanoneedles and interconnect together to serve as convenient ions diffusion pathways and benefit effective electrolyte accessibility. In addition, the construction of heterostructured Ni(OH)2/CuCo2S4/Ni networks can significantly increase the specific surface area by creating abundant interfaces and provide sufficient electrochemical active sites. BET analysis (Fig. S8) indicates that the specific surface 



















Fig. 5 (a) CV curves of AC and Ni(OH)2/CuCo2S4/Ni (10 min) electrodes at 20 mV s-1, (b) CV curves of Ni(OH)2/CuCo2S4/Ni//AC device at different scan rates, (c) charge-discharge curves at different current densities, (d) cycling stability at 6 A g-1. 











Fig. 6 (a) Ragone plots of the Ni(OH)2/CuCo2S4/Ni//AC supercapattery compared with some reported aqueous hybrid devices in the literature, (b) A red LED powered by two devices linked in series.
Conclusions
The nanoscale engineering of CuCo2S4 and Ni(OH)2 on Ni foam can achieve integrative binder-free electrode to boost the electrochemical performance. The controlled growth of CuCo2S4 with different microstructures can be realized by fine tuning the hydrothermal process. Ni(OH)2 nanosheets are deposited on CuCo2S4 nanoneedles by appropriately adjusting the electrodeposition duration, aiming for enhanced effective interfaces and active sites. Ni(OH)2/CuCo2S4/Ni with 10 min deposition exhibits the best performance due to the optimized effects on specific surface area, electrical conductivity and micromorphology of the electrode. The outstanding performance and stability hold great potential for applications in novel electrochemical energy storage.
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Fig. 1 SEM images of CuCo2S4/Ni with different hydrothermal duration (a) 4 h, (b) 6 h, (c) 8 h,












































Fig. 2 SEM images of Ni(OH)2/CuCo2S4/Ni with different electrodeposition duration (a) 5 min, (b) 10 min, (c) 15 min, 
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